To achieve more economical and secure system operations short-term operational planning is very impor tant. Although many methods focusing on unit commitment have been proposed, the resulting schedule is not always acceptable by system operators. This is because it does not consider all system operational constraints such as security in contingency cases, which are very difficult to represent and treat explicitly. This paper proposes an optimization method for short-term operational planning, considering such general constraints for secure system operations. This proposed optimization method employs a schedule modification and a search method which takes application domain heuristics into account.
Introduction
The goal of short-term (for a few days or one week) operational planning is to determine an operational schedule of thermal, hydro and nuclear power plants, including unit commitment. This schedule has to consider not only economic issues but also security ones in which contingencies should never result in supply inter ruptions.
In order to obtain the operational schedule, manual preparation by experienced schedulers has been used so far. In order to efficiently automate this process many methods or techniques have been proposed, most of which have concentrated on finding the most economical operation, focusing on unit commitment for thermal and hydro power plants. In this unit commitment problem, techniques such as mixed-integer programming and dynamic programming are commonly used. Other methods include Lagrangian Relaxation(1) which can be used to generate large operational schedules unlike dynamic programming which is limited to smaller scale problems. However, the resulting schedule is usually unacceptable by system operators because it focuses on the economic optimization of power plant operation and does not consider all system operational constraints such as security in contingency cases. Alternatively, methods to prepare practical opera tional schedules using artificial intelligence have also been proposed recently(2). Although they can take prac tical system operational constraints into account, they often have difficulty in dealing with large scale prob lems.
The short-term operational planning problem is composed of three separate problems : the economic optim ization sub-problem considering operational constraints of power plants; the assessment sub-problem of power system operational condition ; and finally the coordina tion between both sub-problems. As for the security issues, a practical method is proposed(). By this method an operational condition of a power system can be easily evaluated whether it is secure or not. Moreover it is possible to indicate which power plants should be brought into service to improve security conditions. In order to obtain an economic and secure operational schedule the economic optimization sub-problem has to be re-solved with further constraints that above power plants must be in service at that time period. It is said to be the coordination between the economic optimiza tion sub-problem and the security assessment subproblem. Such constraints that operational states of some power plants at a time period are fixed are called general constraints here. These constraints are difficult to represent and treat explicitly. This paper proposes an efficient optimization method involving general constraints.
In this method, an opera tional schedule is modified to satisfy all constraints from one initial schedule in which some operational con straints are taken into account. This initial schedule can be obtained using the Lagrangian Relaxation
Method. In order to modify an operational schedule to satisfy constraints, two heuristics rules are applied. To obtain the optimal schedule a new search method based on depth-first search and taking application domain heuristics into account is employed. As this search method has a higher possibility to obtain an optimal solution quicker than the depth-first search, the search tree can be easily pruned so that branches which do not lead to an improvement do not need to be explored. The first four constraints can be taken into account in the economic optimization, employing the Lagrangian Relaxation Method stated later.
The second four constraints are said to be operational constraints in a wider sense and also important for practical planning. However it is very difficult to treat them explicitly in the economic optimization, and these constraints should be considered separately after the economy optimization.
As far as the security constraint is concerned, it is common for approximate and conservative constraints to be introduced. 
10%) is applied, in other heuristic-based methods constraints which depend on system characteristics are employed. The latter constraints are more practical but cannot be considered explicitly in the economy optimization.
Ramp-rate constraints are very simple to understand and very complicated to be taken into account. In the case of planning at one hour or longer intervals (which is common for daily or weekly planning), all thermal power plants as well as hydropower plants can change their outputs freely within their capabilities. Under such situations, ramp-rate constraints do not cause any prob lems.
2.2 Coordination An operational schedule obtained in the economic optimization sub-problem has to be assessed for security and other conditions. According to the assessment the schedule is to be modified to satisfy all constratints. In order to satisfy system , operational conditions, the most effective and natural remedy is that an off-line power plant at that time period should be brought into service. In terms of the mathematical model, coordination to improve security and satisfy all operational constraints is therefore equivalent to the addition of operational constraints. Coordination can be treated as a kind of constraint.
So to obtain a practical operational schedule, it is necessary for the optimization method to be able to treat general constraints (which are very difficult) explicitly.
Optimization involving general constraints

Basic idea
The optimal operational schedule is the most econom ical one which satisfies all constraints and conditions . The most economical operational schedule which con siders operational cost as an objective function and only the first four constraints stated before may not satisfy other constraints, that is to say, is not always feasible. However, in some situations where some security or operational constraints can not be satisfied for a certain time period only a minor modification is required in order to make it feasible.
In the proposed method, the optimal operational schedule (which takes some explicit constraints into account) is modified to become feasible, with making the operational cost increase least.
This method has the following merits.
(1) Heuristic rules are introduced for schedule modifications when off-line power plants are brought into service for security improvement.
These rules can restrict the number of alternative schedules. It means a search space does not become too large.
(2) As the most economical schedule is used as an initial schedule, schedule modifications always bring cost increase. It enables to prune a search tree easily.
The proposed search method, which is based on depth-first search and taking the characteristics of this problem into account, has a high probability of finding an optimal schedule quickly. That is to say, it is pos sible to get a "better" schedule earlier.
In this method heuristic rules stated in (1) cover only practical schedule modifications but not all possible ones. Although this method can not guarantee the optimal solution from the theoretical point of view, it is said to be sufficiently practical. schedule passes the check at one time period, it moves on to the next time period. It it fails to pass the check, this schedule has to be modified.
(3) If the schedule has only been partially checked, go to the next time period. If the schedule passes the check over the whole planning period, this is a feasible one and a candidate for the optimal schedule.
(4) If there is another alternative which may pos sibly lead to a better schedule, then return to this node. Otherwise, this is the optimal schedule which satisfies all constraints.
3.4 How to modify an operational schedule In order to satisfy security or operational constraints, all off-line power plants whose start-up would have a positive effect should be brought into service one by one. In this case, for a designated off-line power plant an operational schedule should be modified to satisfy a minimum up/down time constraint.
As there may be several alternative ways to modify a schedule at a particular time period, two heuristic rules are used here.
(Rule 1) For a designated off-line power plant, if the interval between the current time period and the last operating time period is larger than that between the current time period and the next operating time period, then the schedule should be modified forwards from the current time period to satisfy minimum up/down time con straints.
Otherwise, the schedule should be modified backwards from the current time period to satisfy minimum up/down time constraints.
For example, suppose that a time interval between each time period is one hour, minimum down time 2 hours and minimum up time 2 hours. _??_ where 1 : on-line 0: off-line Here, suppose that at time period 6, the power plant should be in-service. In order to satisfy minimum up/ down time constraints, the schedule should be modified during other time periods.. The interval between the current time period 6 and the last operating time period 4 is 1 and to the next operating time period 10 is 3. So the schedule is modified from the current time period backwards. So this plant has to be in-service at time period 5 as well as at time period 6.
Next, suppose that minimum down time is 4 and minimum up time is 2. In this case, as the down time interval of this plant is 3 (that is to say, time period 7, 8, 9) and it breaches the minimum down time constraint, this power plant should be in-service at time period 7, 8 and 9 as well. It means this plant should be continously on-line. At the time period 7, minimum down time (2) has passed and at the time period 9 it is also effective to improve security conditions. By applying this rule, a schedule is modified to bring this plant in-service at time period 7, 8 and 9. Next, suppose that minimum down time is 4 and minimum up time is 2. In this case, as minimum down time has not been observed at the time period 7, this rule is not applicable and only the first rule is applicable.
Both rules cover all possible modifications where an off-line power plant is brought in-service and minimum up/down time constraints are satisfied.
How to search for an optimal schedule
In order to improve or satisfy security or operational conditions, there are some alternatives in which off-line plants should be in-service. After modifying an opera tional schedule using the above rules, the cost of the changes on the initial schedule can be evaluated. To get the optimal schedule, all possible alternatives should be evaluated and compared. Although the number of time periods when security or operational conditions are not satisfied is expected to be small, we wish to avoid checking all alternatives. Depth first search seems to be suitable to this problem. This is because least cost increase modifications seem to have the highest proba bility of reaching the optimal solution among the alternatives of which off-line plant should be in-service at one time period. By doing so, a decision tree is formed. If one feasible solution has been obtained, other alterna tives which may reach the optimal solution should be checked. After obtaining one feasible solution, go back to a node just above it. If only Rule I is applied for a schedule modification, this method would be the best. However, Rule 2 may be applied in the case of a schedule modification. An application of this rule usually requires operational modification over longer time periods and its cost increase tends to be larger. On the other hand, this modified schedule never fails to pass the next check without any modification. For example, in Fig. 3 , node E is supposed to represent a modified schedule after the application of Rule 2. This modified schedule passes the check at time period j. In this case, in order to obtain the node with the highest possibility to reach the optimal solution, not only node C, B, D but also node E should be compared. In the case of backtracking from node A, node C, D and E should be compared as well. This proposed search method is similar to depth first search but it is better than depth first search for this problem.
Optimization examples
In this section the proposed method is applied to the daily planning at 1 hour interval. Data from (4) Method is shown in Table 1 . Suppose here that at some time periods this initial schedule does not satisfy opera tional constraints (or security standards) and that it is necessary for some off-line power plants to be brought in-service to satisfy them at those time periods. This means that in an optimal schedule at least one of the above power plants should be in-service at those time periods.
(1) Case 1 In the first case example, at time period 8 ... No. 3, 7, 8 10 No. 3, 7, 8, 10 13 No. 7, 10 are supposed to be effective to satisfy operational con straints. At each time period, at least one of them should be in-service. Physically, it may mean that at off-peak periods operating power plants are unevenly located and that some other power plant should be operating in case of contingencies. Fig. 4 shows part of the search tree for an optimal schedule. Modify the initial schedule to represent one of No. 3, 7 and 8 power plants are on-line respectively and verify with Rule 1. These modified schedules are labeled as (8, 3), (8, 7), (8, 8) respectively in the figure and also named al a2 and a3. The numeral below them repre sents a cost increase from the initial schedule. At the same time, as No. 7 and 8 power plant satisfy the prem ise of Rule 2, other modified schedules are labeled as (8, -7),(8, -8) and named a4 a5. After comparing all cost increases, node al is chosen with the highest possi bility of reaching an optimal solution. This schedule is also modified to satisfy the operational constraint at time period 10 and there are 5 alternative schedules 
